The formation of periodic grating structures has been demonstrated on a titanium surface irradiated by a double-pulse beam with a time delay of 160 fs. The first-pulse fluence F PP was varied and always kept below the threshold F TH = 60 mJ/cm 2 for forming periodic grating structures on Ti and the delayed pulse fluence F LP was kept above F TH . The grating structure interspaces were 0.5λ L to 0.85λ L and decreased with F PP for all values of F LP . This tendency suggests that variation in surface plasma density, which is associated with the fluence of the first pulse, led to variation of the grating interspaces. We found that the interspaces produced by double-pulse irradiation agreed relatively well with those produced by single-pulse irradiation and those predicted by a parametric decay model. To visualize the surface plasma wave induced by the femtosecond laser, two-dimensional particle-in-cell simulation was conducted for a preformed plasma on a metal. The simulation results suggest that the preformed plasma density led to the variation in the grating interspaces.
Introduction
On metals under irradiated by linear polarized femtosecond laser pulses, self-organized grating structures are formed [1] - [8] and they are oriented perpendicular to the laser polarization direction. Recently, such grating structures on metal surfaces have been used in several applications, including microfluidics for measuring the protein-folding dynamics [9] , surface modification for improving biocompatibility [10] , tribology for reducing friction [11] [12] , surface-enhanced Raman spectroscopy [13] , and metal coloring [14] [15] . For fluence levels near the ablation threshold, the grating structures have interspaces of 0.5λ L to 0.85λ L , which is shorter than the laser wavelength λ L . To control the interspaces of the grating structure on metals, the formation mechanism is important. Several models have been proposed for discussing the formation mechanism of these structures. However, the mechanism is not yet understood and remains a topic of debate. The interspaces of the grating structures depended on laser fluence, and this phenomenon is well explained by a parametric decay model [16] proposed by Sakabe et al. To confirm the validity of this model, the interspace dependence on laser fluence has been measured experimentally for Ti, Pt, Mo, W, Si, and SiC [17] [18] [19] . We found that the experimental results agreed reasonably well with this model. An assumption in this model is that, as a consequence of the ultrafast interaction with the laser beam, the solid surface is initially covered by a preformed surface plasma with a density much lower than that of the solid. Surface plasma waves are then induced at the interface between free space and the laser-produced low-density plasma by parametric decay of the incident laser light into a surface plasma wave and a scattered electromagnetic wave. The plasma wave travels slowly, at less than 10 −2 times the speed of light, and an ion-enriched local area appears. Before the next electron wave peak arrives, the ions experience a strong Coulomb repulsive force and can be exploded into vacuum; in other words, a Coulomb explosion [20] [21] [22] [23] occurs. Through this process, periodic grating structures are self-organized. Therefore the preformed plasma is a key issue to consider in regard to the formation mechanism of the grating structures. However, it is technically difficult to measure the preformed plasma because its thickness is very small and its density is very low. In this study, a double-pulse irradiation experiment was carried out in order to examine the relation between the preformed plasma density and the grating interspaces self-organized on the metal surface. If the preformed plasma is produced by the rising edge of the laser pulse, an experimental result would be expected in which variation in surface plasma density leads to variation in the grating interspaces. Additionally, we used two-dimensional particle-in-cell simulation to visualize the surface plasma wave.
Experimental results and discussion
In the experiments, the T 6 -laser system (λ L =805 nm, τ =40 fs, 10 Hz) was used. The experimental setup is shown in Fig. 1 . The double-pulse beam with a time delay of 160 fs was composed of a first pulse, responsible for surface plasma formation, and a delayed pulse, responsible for pe- riodic grating structure formation. The first-pulse fluence F PP was varied and always kept below the threshold F TH =60 mJ/cm 2 for forming periodic grating structures on Ti. The delayed pulse fluence F LP was kept constant above F TH . The double pulses were collimated and focused to a spot size of 45 μm on the Ti target surface with a lens (f = 10 cm) at normal incidence in air. The polarization direction of the first pulse was set to be parallel to that of the delayed pulse. The double-pulse beam was shaped to be spatially flat at the target position by image-relaying only the central part of the original Gaussian profile, which was clipped by an aperture and more precisely trimmed by a second aperture [17] . The titanium target was mechanically polished. The surface roughness, Ra, was less than 2 nm for the sample. The laser fluences in the flat top region were varied in the range F PP = 10-50 mJ/cm 2 for plasma formation and between the values F LP = 60, 100, 150 mJ/cm 2 for periodic grating structure formation. The numbers of double-pulse irradiations was N = 1 or 25. Laser-produced grating structures were observed by scanning electron microscopy (SEM; JSM-5560, JEOL). Figure 2 shows typical surface structures produced by double-pulse irradiations with N = 1 (a) and N = 25 (b). For N = 1, the periodic grating structures did not self-organize but nanostructures approximately 24 nm in diameter were produced on the irradiated surface. For N = 25, the periodic grating structures were self-organized in the flat top regions of laser fluence. The grating structures were oriented perpendicular to the laser polarization direction. The nanostructures of approximately 24 nm in diameter produced when N = 1 might play a key role in the selforganization of the periodic grating structures when N = 25. The periodic grating interspaces were determined by read- ing the peak value in the frequency domain after Fourier transforming the SEM image of the grating structures. Figure 3 shows SEM images and power spectra of the surface structures produced by varying F PP while F LP was kept constant at 60 mJ/cm 2 . For F PP = 50 mJ/cm 2 and F PP = 35 mJ/cm 2 , the periodic grating structures oriented perpendicular to the laser polarization direction were produced. The interspaces of the periodic grating structures were 604 nm ± 26 nm for F PP = 50 mJ/cm 2 and 462 nm ± 28 nm for F PP = 35 mJ/cm 2 . In contrast, fine ripples [24] [25] [26] oriented parallel to the laser polarization direction were produced at F PP = 20 mJ/cm 2 . Fine ripples were observed with interspaces of approximately 61 nm, which is much shorter than the range 0.5λ L to 0.85λ L expected under the parametric decay model. Therefore another mechanism appears to contribute to the fine ripple formation. We found that the periodic grating structures were produced when the fluence of the first pulse was higher than F PP ≥ 35mJ/cm 2 at a delayed pulse fluence of 60 mJ/cm 2 . Fig. 5 Laser fluence dependence of periodic structure interspaces produced by femtosecond laser pulses for double pulses with a time delay of 160 fs and for a single pulse with duration of 160fs [12] . Solid line shows calculation results according to the parametric decay model.
In Fig. 4 , the dependence of periodic structure interspaces on first-pulse laser fluence F PP for the delayed pulse fluence of F LP =60 mJ/cm 2 . The interspaces of periodic grating structures were in range 0.5λ L to 0.85λ L as expected under the parametric decay model. The interspaces decreased with decreasing F PP . For F LP =100 mJ/cm 2 and F LP =150 mJ/cm 2 , similar dependence on first-pulse laser fluence was observed. This tendency suggests that variation of the surface plasma density associated with the first-pulse fluence led to a variation of the grating interspaces. In Fig. 5 , the dependence of the periodic structure interspaces on total laser fluence (F PP + F LP ) for Ti under double-pulse irradiation is shown (solid circles). For comparison, the periodic grating structures produced by single pulses of 160 fs irradiation [17] are also plotted (open circles). Surprisingly, the interspaces produced by doublepulse irradiation show relatively good agreement with those produced by single-pulse irradiation. Additionally, the interspaces of the periodic structure follow the parametric decay model prediction. The experimental results suggested that the preformed plasma might be produced by the rising edge of the laser pulse, leading to variation in the grating interspaces.
3. Particle-in-cell simulation of periodic grating structure formation Recently, the particle-in-cell simulation results have been reported [27] , [28] regarding the dynamics of surface plasma wave-induced periodic nanostructuring on solid surfaces. However, the generation mechanism of the surface plasma wave is still under investigation. To visualize the surface plasma wave induced by femtosecond laser pulses, two-dimensional particle-in-cell simulation was performed using the code FISCOF [29] [30] for initially preformed plasma on a target. In the simulation, the surface of the preformed plasma was located at z = 2 μm (shown by the black dotted line in Fig. 6(a) ) and its thickness was 2 μm in the z direction of the (z, y) simulation plane. The laser beam was irradiated onto the surface from the left-hand side as indicated by the black arrow. The electron density of the preformed plasma was varied in the range 0-1.0n cr in 0.1n cr steps, where n cr is the critical density for a laser wavelength of 800 nm. The plasma was initially characterized by a Maxwell-Boltzmann distribution with electron temperature T e = 1 keV and ion temperature T i = 0.1T e . Hydrogen plasma with m i /m e = 1836/16 was used to reduce the calculation time, where m i and m e are the ion and electron mass. The charge of the ions was Z = 1. The formation mechanism of the surface wave is essentially the same for plasma involving a heavy element Z High , though the time for surface wave is longer than that for light elements. However, we have used the electron-hydrogen plasma to reduce the calculation time. The target of 10 n cr was located behind the preformed plasma and it was 10 μm thick and 20 μm wide. Intense laser light (I = 1.0×10 16 W/cm 2 , λ L = 800 nm, rise time = 15 fs) was irradiated continuously onto the preformed plasma target at normal incidence. The laser was linearly polarized in the direction parallel to the y axis. Figure 6 shows the electron density distribution at t = 650 fs for 0.7n cr of the preformed plasma. The simulation results show that the surface wave is produced on the surface of expanding preformed plasma at z = 1.2 μm. The surface wave period was analyzed by Fourier transform of the electron density distribution in the area defined by z = 1.0 to 1.5 μm and y = -5 to 5 μm. The obtained FFT spectrum is shown in Fig. 6(b) . The surface wave period was about 720 nm at 0.7n cr and depended on preformed plasma density n cr . Figure 6 (c) shows the interspaces of the surface wave depend on preformed plasma density. Lower preformed plasma density corresponded to shorter interspaces of the surface wave. The obtained simulation results are helpful for discussing the dynamics of surface plasma wave generation. However, the irradiated laser intensity in the simulation is set three orders of magnitude higher than that in the experiment since the multi-pulse irradiation effect could be taken into account in this 2D-simulation within a practical calculation time. Self-organized periodic grating structures have been observed experimentally as a result of multipulse irradiation in the range of 25-1000 pulses [25] [31]. After irradiation of several pulses, the surface of metal is no longer flat. However, nanostructures have been observed distributed as shown in Fig. 1(a) and reported in Ref. [24] . The structures might contribute to enhancing the laser intensity locally through the near-field effect. To reduce this discrepancy, further investigation is needed to capture the accumulation effect for multi-pulse irradiation.
Conclusions
Grating structure formation has been experimentally demonstrated on a titanium surface irradiated by a doublepulse beam with a time delay of 160 fs. We found that the periodic grating structures were produced by first-pulse laser fluence of F PP ≥ 35mJ/cm 2 when the delayed pulse fluence was 60 mJ/cm 2 . The grating structure interspaces decreased with decreasing F PP for all F LP values used. This tendency suggests that variation of the surface plasma density associated with the first-pulse fluence led to variation in the grating interspaces. The interspaces produced by double-pulse irradiation showed relatively good agreement with those produced by single-pulse irradiation with pulse duration of 160 fs and those predicted by the parametric decay model. To visualize the surface plasma wave induced by the femtosecond laser, two-dimensional particlein-cell simulation was performed for initially preformed plasma on a metal. The simulation results suggest that the preformed plasma density led to variation in the grating interspaces.
